
EXAFS FROM HYDROGEN ATOMS IN WATER

A New Tool for Detecting the Faint Echo of Hydrogen

In almost any circumstance
where water plays a role, which

includes most biological and
environmental processes, as well as in
many chemical reactions, hydrogen is
ubiquitous. So, it stands to reason
that locating the hydrogen atoms
within molecules would be a high-
priority task. It is unfortunate,
therefore, that hydrogen with only
one electron has been virtually
impossible to detect using the
conventional x-ray tools for measur-
ing atomic structure (determining
where the atoms are). But now a
multi-institutional group (from the
University of California, Berkeley,
Lawrence Livermore National
Laboratory, and the University of
Washington) working at the ALS has
demonstrated the ability to not only
detect hydrogen by means of x-ray
absorption but also measure its
position in water-vapor molecules, a
first step toward studying more
complex samples. In this work,
researchers report the first definitive
measurements of the covalently
bound hydrogen atom in water vapor
by extended x-ray absorption fine
structure (EXAFS).

X-ray scattering is one of the
principal tools used for modern
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structure determination in chemistry
and biology. It is conventional
wisdom that hydrogen atoms remain
“invisible” to traditional x-ray and
electron diffraction techniques. As a
result, x-ray studies of many impor-
tant chemical and biological systems
yield only partial structure functions.
Experimenters often have to resort to
supplementary measurements with
other techniques that are more
hydrogen sensitive to obtain infor-
mation that can then be melded with
their x-ray data to provide a complete
structure picture. For example, the
atom-pair-correlation function for
liquid water can be obtained only by
the synthesis of x-ray and neutron
diffraction measurements. Clearly,
techniques that directly probe
hydrogen atoms in covalent and
intermolecular hydrogen bonds could
significantly enhance the scope of
structure determination in aqueous
solutions and biological systems.

EXAFS refers to small-amplitude
oscillations in the x-ray absorption
coefficient that can extend hundreds
of electron volts above a core-level
absorption edge. These oscillations
arise from final-state interference
effects of backscattered photoelec-
trons from neighboring atoms. In

contrast, an isolated atom exhibits a
smooth and essentially structureless
absorption background correspond-
ing to the photoionization process
induced by a core level excitation.
The well-known utility of EXAFS as
a structural probe arises from the
ability to selectively excite individual
atomic species, thereby allowing the
local environment (e.g., solvent cage)
around a selected absorbing atom to
be directly characterized. Since
hydrogen possesses a single core
electron, the cross section for
scattering a photoelectron for a
neighboring atom is small, and inter-
and intramolecular hydrogen is
generally thought to be undetectable
in state-of-the-art experiments.

In the reported measurements,
however, the researchers have now
demonstrated that EXAFS experi-
ments on water vapor at the oxygen
K edge, conducted on ALS Beamline
9.3.2, have the ability to detect
scattering from hydrogen atoms.
Experiments were conducted in a
typical gas cell backfilled with about
20 mTorr of water vapor. Argon-
filled cells were used as control
samples. The measured EXAFS
oscillations from hydrogen in water
vapor are shown along with the

calculated values of the oscillations
for isolated water molecules obtained
with multiple-scattering theory and
the FEFF8 ab intio electronic
structure code. There is remarkable
agreement between experiment and
theory, which conclusively demon-
strates a single scattering distance
arising from the covalent O–H bond
in water vapor. In reanalysis of an
earlier experiment by others, the
researchers used the measured O–H
scattering phase shift to demonstrate
that O–H bonds can be quantita-
tively measured in more complex
liquids like water.

This work has illustrated the
general utility of hydrogen EXAFS as
a new structural tool in the elucida-
tion of hydrogen bonds in complex
condensed-phase samples. Advances
in synchrotron x-ray spectroscopy,
coupled with existing computational
techniques, imply that observation of
hydrogen EXAFS is likely to become
routine. The phase-shift function
determined in this work can be used
to extract quantitative O–H bond
distances in other systems, thus
becoming a useful complement to
existing structural methods in
chemistry, biology, and materials
science.
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A New Tool for Detecting the Faint Echo of Hydrogen

• Extended X-Ray Absorption Fine Structure
(EXAFS)
–Analysis reveals type, number, and distance of

neighboring atoms

–EXAFS from hydrogen previously considered
undetectable by state-of-the-art experiments

• First quantitative measurement of EXAFS
from hydrogen atoms
–O-H bond length in excellent agreement with calculations

–Measured phase shift can be used in analyzing more
complex liquids

• How to locate hydrogen atoms in aqueous solutions,
biological systems?

– Biological, environmental, chemical importance

– Low cross section for x-ray scattering

– “Invisible” to  traditional  diffraction techniques
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Raw x-ray absorption spectra of
20-m Torr water vapor recorded
at  low (1-eV) resolution and
high (0.1-eV) resolution (inset).

Normalized EXAFS oscillations for hydrogen
in water vapor.  The solid curve is the
experimental  data, and the dashed curve is
calculated for isolated water molecules. The
inset shows the fast Fourier transform of the
experiment data and shows a  single
scattering distance  arising  from the covalent
O–H bond in water vapor.
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